The investigation of dipole relaxation processes in nonlinear optical ͑NLO͒ polymers containing chromophore dipoles with large hyperpolarizabilities is important for optimizing the poling process and for predicting the long-term stability of the poling-induced order. The primary or ␣ relaxation is difficult to assess by dielectric spectroscopy in polymers with high glass transition temperature due to thermally induced chromophore degradation. A fast experimental procedure is developed for the investigation of dielectric relaxation processes in NLO polymers, without severely inducing chromophore degradation. The procedure is based on the measurement of the dielectric function (T)ϭЈ(T)ϪiЉ(T) at a few frequencies from 30 Hz to 30 kHz, while heating the polymer at a constant rate. The complex plane representation of the temperature-dependent dielectric function is used to determine the distribution of relaxation times, while the temperature-dependent mean relaxation time ␣ (t) is numerically determined from the dielectric loss Љ(T). With only three decades in frequency, information on five decades in time or 90 K in temperature is gained above the glass transition temperature. The strong ␣ and the weak ␤ relaxation below the glass transition are separately investigated by thermally stimulated depolarization after a suitable two-step poling procedure. The method has been applied to a typical polyimidelike side-chain nonlinear optical polymer with modified Disperse Red 1 chromophores. Even below room temperature, a ␥-relaxation process is observed, demonstrating significant mobility of the chromophores much below the glass transition. From the results of thermally stimulated depolarization it is concluded that the initial fast decay of the electro-optical response to a temporally stable value is related to the partial depolarization caused by the ␤ relaxation.
I. INTRODUCTION
Amorphous second-order nonlinear optical ͑NLO͒ polymers containing oriented nonlinear optical dipoles ͑usually chromophores with large second-order hyperpolarizabilities͒ have been extensively investigated in the last years for potential photonic applications, due to their low optical loss, small dispersion in the dielectric function, and large optical nonlinearities.
1,2 NLO polymers can be easily prepared by spin coating into thin-film form onto any underlying substrate, such as semiconductor wafers, and thus easily permit the fabrication of hybrid integrated photonics devices. [3] [4] [5] Polymer chemistry has identified several promising routs for the synthesis of NLO-polymer classes, such as guest-host, side-and main-chain and cross-linking polymers, and a wide variety of polymeric systems have been designed and investigated. 6 Poled NLO polymers are glass-forming systems and exhibit different relaxation processes below the glass transition, where the material is in a nonequilibrium glassy state. Relaxation phenomena in polymers are often labeled with greek letters ␣, ␤, ␥. 7 The ␣ relaxation is observed at the highest temperature for a given frequency or at the lowest frequency for a given temperature and is usually connected with the glass transition, e.g., with large-scale molecular motions in the main and side chain of the polymer. Secondary relaxation processes, usually connected with limited motions of polar groups in the side chain, are observed in the glassy region of the polymer.
The investigation of the different relaxation processes below, through, and above the glass-transition temperature are essential to provide an understanding of the molecular dynamics of the glassy state and also for the applicationrelevant optimization of the poling process with respect to time and temperature. This necessitates knowledge of the temperature-dependent mean relaxation time of the chromophore dipoles and the corresponding, non-Debye-like broad distribution of relaxation times which can be assessed by dielectric characterization methods. [8] [9] [10] [11] [12] [13] [14] [15] There is an extensive body of literature on the dielectric characterization of amorphous polymers, see for example the books of McCrum et al., 16 Jonscher 17 and the book article of Williams.
However, the dielectric characterization of NLO polymers above the glass-transition temperature T g is by no means trivial as the dipoles can degrade at high temperature. [19] [20] [21] Usually, broadband dielectric spectroscopy over a very wide range of frequencies is applied for the investigation of the ␣ relaxation in NLO polymers. 9, [12] [13] [14] [15] If experiments are performed at several, densely spaced temperatures above T g , the time-consuming measurement procedure cannot rule out severe thermally-induced degradation of the chromophore dipoles, at least in high-T g NLO polymers. For these systems, the time required for the experiments should be reduced as much as possible.
In this article we show that the same amount of information can be gained about the ␣ relaxation, if the dielectric function is measured at several frequencies while heating the polymer at a constant rate ͓temperature-dependent dielectric relaxation spectroscopy ͑TDRS͔͒. The procedure is much less time consuming than broadband dielectric relaxation spectroscopy ͑DRS͒ over a wide range of frequencies, thus inducing less problems with thermally-induced chromophore degradation. TDRS provides a quick overview of primary and secondary relaxation processes in NLO polymers.
The secondary ␤ relaxation is often much weaker than the primary ␣ relaxation, and thus, difficult to quantitatively assess by dielectric spectroscopy. The ␤ relaxation is, though, of essential importance for practical applications, since it is related to partial relaxation of the dipoles at short times or high frequencies ͑and thus causes, e.g., the initial decay of the NLO effects immediately after poling͒, while the ␣ process gives total relaxation at long times or low frequencies ͑and thus is responsible for the long-term stability of chromophore orientation͒. 22, 23 It will be shown that thermally stimulated depolarization ͑TSD͒ after suitable twostep poling procedures allows for the separate investigation of the ␣ and ␤ relaxation phenomena. It is then possible to determine their relative strength, and thus, to quantitatively assign the initial fast relaxation of the electro-optical response at room temperature to the partial depolarization caused by the ␤ relaxation.
II. DIELECTRIC PROPERTIES OF AMORPHOUS POLYMERS
The dielectric response of amorphous polymers is well understood on a phenomenological basis. 16, 18 The frequency dependence of the dielectric function is often described by the Havriliak-Negami ͑HN͒ function. 24 If multiple relaxations occur, can be expressed as a sum: [16] [17] [18] 
where ϱ is the high-frequency permittivity, and ⌬ k and k the relaxation strength and mean relaxation time of the kЈth relaxation process, respectively. p k and q k are parameters ranging from 0 to 1 and describing the width and asymmetry of the dielectric loss peak Љ corresponding to the kЈth relaxation process. If the dipoles are noninteracting, the relaxation strength of the kЈth relaxation process is related to the number density N k and the dipole moment k of mobile dipolar groups via the Kirkwood-Fröhlich equation:
0 is the permittivity of vacuum, k the Boltzmann constant, and T the absolute temperature. r is the relaxed dielectric constant:
g k is an orientation correlation function, which is g k ϭ1 in the absence of orientation correlation between the mobile dipoles. It must be noted here that the validity of the Kirkwood-Fröhlich equation has to be carefully considered in the vicinity of the glass transition. Approaching the glass transition, an increasing correlation length of molecular motions should be expected, thereby leading to a cooperative coupling of molecular dipoles. At the glass transition the correlation length is on the order of a few nm, 25 comparable to the size of the most interesting chromophores. Thus, in NLO polymers we may expect the Kirkwood-Fröhlich relation to provide a rather good approximation of the dielectric response, even around the glass transition.
In addition to the dipolar contribution, the dc conductivity or low-frequency dispersion must be quite often included in the description of . The conductivity effect is strong in the low-frequency regime or at high temperatures, where the dc conductivity increases rapidly.
A variety of theoretical expressions have been published to describe the temperature dependence of the relaxation processes in polymeric materials. One of the most successfully used descriptions of the usually strongly non-Arrhenius-like temperature-dependent mean relaxation time ␣ (T) of the ␣-relaxation process is an extended Adam-Gibbs theory: 14, 15 
where A is a time factor, B an activation temperature, T 2 is associated with the thermodynamic glass transition ͑whether it may be classified as a true phase transition or not 26 ͒, and T f is a fictive temperature which is a measure for the deviation from equilibrium properties due to the thermal history imposed to the sample. Above T g where the system is in thermodynamic equilibrium, the fictive temperature equals the temperature of the sample T f ϭT, and the Adam-Gibbs expression ͑4͒ reduces to the Vogel-Fulcher-TammannHesse ͑VFTH͒ 27 description, which is used for representing the mean relaxation time ␣ (T) above T g .
In the vicinity of T g , where the polymer is in a nonequilibrium state, the fictive temperature deviates from the actual sample temperature, and thus, the mean relaxation time deviates from the VFTH expression. Finally, well below T g the fictive temperature reaches a final limiting value and the Adam-Gibbs expression ͑4͒ reduces to an Arrhenius relation, which has been found to be a reasonable approximation below T g .
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The temperature-dependent mean relaxation times ␤,␥ (T) of the secondary relaxations below T g often follow Arrhenius laws
͑5͒
with C and D fit parameters.
The temperature dependence of ␣ (T), the asymmetry and width of the broad distribution of relaxation times of the dielectric ␣ relaxation are of essential practical importance, since they allow one to optimize the poling time above the T g of a given polymer. Only dipoles with a relaxation time short compared to the poling time tϽ ␣ (T) ͑''fast'' dipoles͒ are significantly oriented, whereas the dipoles with relaxation times tϾ ␣ (T) ͑''slow'' dipoles, which are essential for the long-term stability of the poling-induced orientation͒ require much longer poling times. It is thus evident that, especially in materials with a broad distribution of relaxation times, a compromise between orientation degree and poling time has to be found.
III. EXPERIMENTAL TECHNIQUES

A. Dielectric measurements
The dielectric response of the P͑SMA-DR1͒ polymer samples, e.g., the conductance G() and susceptance B() was measured in the range 30 Hz-30 kHz with a HewlettPackard HP 4284 LCR meter. The dielectric function is connected with the conductance G and the susceptance B via
The representation ͑1͒ of the dielectric function assumes a constant thickness d of the sample. Upon heating, the sample expands thermally and a slight decrease in the measured B and G values is observed, resulting from the change of the thickness and of the dielectric function via the ClausiusMossotti relation. 29 In most polymer glasses it is usually possible to find temperature and frequency regimes in which one of the relaxation processes is dominant. Then, measurements at a given frequency while heating the polymer at a constant rate ͑scheme 1͒ or frequency-dependent measurements at fixed temperature ͑scheme 2͒ should provide the same information about the relaxation process. In both schemes the data may be analyzed in a complex plane or Cole-Cole representation. In the complex-plane plot, (T) becomes an implicit quantity and is not necessary for the data analysis. Fitting with the Havriliak-Negami function 24 allows for the determination of the dielectric relaxation strength, the asymmetry, and width of the dielectric relaxation ͑Fig. 1, top͒. In order to remove the temperature dependence in Љ and ЈϪ ϰ Ј resulting from ⌬(T), the data are multiplied with the absolute temperature T. While in scheme 2 measurements at many different temperatures are required in order to gain information on (T), in scheme 1 even one measurement at fixed frequency contains information on (T) over a wide range of temperatures. In scheme 1 the information on (T) can be obtained numerically with the predetermined parameters p ␣ , q ␣ . and ⌬ from the measured loss data Љ(T) ͑Fig. 1, bottom͒, demonstrating that a significant amount of information can be gained from temperature-dependent measurements. Thus, if the measurement time has to be reduced in order to avoid thermally induced degradation of the chromophores, scheme 1 is to be preferred over scheme 2 as it is much less time consuming. In the experiments described below, measurements are taken at seven frequencies in the range 30 Hz-30 kHz, while the polymer was heated at a constant rate of 2°C/min. The time required for measuring B and G for all frequencies was 30 s, so that the data at a given frequency are spaced at 1 K temperature intervals, fully sufficient for the data analysis according to Fig. 1 . As shown below, with only three decades in frequency, five orders of magnitude in time or 90 K have been spanned.
B. Thermally stimulated depolarization
In NLO polymers with large chromophores, the ␤ relaxation is expected to be much weaker than the ␣ relaxation. Since the broad ␤ relaxation merges into the ␣ relaxation at high temperatures, a determination of the relaxation strength is most difficult. In this case, thermally stimulated depolarization may provide an elegant means of separating the two relaxation processes. [30] [31] [32] For the TSD measurements the samples must be thermally poled prior to the measurement. In the experiment, dipole relaxation is induced in a poled polymer by linear heating of the sample. This yields a depolarization current that is measured under short-circuit conditions. TSD currents were recorded with a sensitive Keithley 6517 electrometer. Poling is performed according to Fig. 2 . The sample is first heated with shorted electrodes and kept at a temperature T larger than the poling temperature T p : TϾT p ϾT g in order to erase the thermal history ͑e.g., frozen polarization and space charge͒ within the sample. The polymer is then cooled to the poling temperature and the poling voltage V p is applied to the sample for the poling time t p . After cooling the FIG. 1. Schematical representation of the data analysis procedure for temperature-dependent dielectric relaxation spectroscopy ͑TDRS͒. In a first step, the data are analyzed in a complex-plane representation, in order to gain the width (p ␣ ), asymmetry (q ␣ ), and dielectric strength (⌬T) of the relaxation process. With this parameter set, in a second step, the mean relaxation time (T) is numerically determined from the loss data Љ(T) as a function of temperature. The accessible range for (T) may be expanded by performing this procedure at several frequencies.
sample with a cooling rate h p to a new temperature T p Ј below T g , the poling voltage V p Ј is applied for a time t p Ј . Finally, the sample is cooled to Ϫ40°C while the discharge current is measured for a few hours until it becomes much smaller than the TSD current. Then, the sample is heated with a constant rate in order to perform the TSD measurement. With the poling field sequences ␣ϩ␤, ␣, ␤ shown below the temperature ramp in Figs. 2͑a͒, 2͑b͒, and 2͑c͒, respectively, an investigation of the ␣ and ␤ relaxation is possible. However, as will be discussed later, the poling temperatures have to be carefully chosen in order to ensure a genuine separation of the two relaxation phenomena. The poling-induced polarization is given by
where ⌬ ␣,␤ are the relaxation strengths of the ␣ and ␤ processes, respectively, and E and EЈ are the poling fields at the poling temperatures T p and T p Ј (EϭEЈ for ␣,␤, EЈ ϭ0 for ␣, and Eϭ0 for ␤). The analysis of the TSD data from poling schemes ␣ and ␤ directly yields the relaxation strength for the two relaxation processes.
IV. SAMPLE MATERIAL AND PREPARATION
The measurements were performed on a typical sidechain polymer P͑S-MA͒-DR1, a styrene-maleic anhydride copolymer with chemically attached side groups of Disperse Red ͑DR͒ 1-like chromophores ͑kindly provided by SANDOZ Huningue S.A.͒ as shown schematically in Fig. 3 . Details of the synthesis and the chemical structure of this side-chain material can be found in the literature. 33 With a dye loading of 90 mol %, P͑S-MA͒-DR1 shows a glasstransition temperature T g ϭ137°C, as measured with differential scanning calorimetry ͑DSC͒ with a heating rate of 10°C. 33 After poling with a field of 100 V/m, a stable, nonresonant electro-optical coefficient r 33 ϭ12 pm/V at 1.3 m is achieved. 13, 34 Thin polymer films with a thickness of dϭ2.5 m were prepared on ITO-or Al-coated glass substrates from a suitable polymer solution. In order to remove any residual solvent, the samples were heated to above the glass-transition temperature for several hours. Finally, electrodes with an area of 11 mm 2 were evaporated on top of the polymer film at a polymer film temperature of 150°C. Prior to the measurements reported below, the samples were aged at room temperature for a few weeks. This treatment was necessary in order to get reproducible experimental results. The samples were mounted on a Linkam microscopic heating stage placed in an oven, which allowed for measurements between Ϫ40°C and 300°C. Figure 4 ͑top and bottom͒ shows the real (Ј) and imaginary (Љ) part of the dielectric function at different frequencies versus temperature between Ϫ40 and 240°C. Arrows mark three distinct relaxation processes, labeled ␣, ␤, and ␥, which shift to higher temperatures with increasing measurement frequencies. The experiment has been performed by heating the sample at a rate of 2°C/min from Ϫ40 to 240°C. As has been shown earlier, this ensures no significant thermal degradation of the chromophore dipoles.
V. RESULTS AND DISCUSSION
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A. ␣ relaxation above the glass transition
The analysis of the data follows the procedure schematically sketched in Fig. 1 . Figure 5 depicts the complex-plane ͑Cole-Cole͒ plot Љ(T)T versus (Ј(T)Ϫ ϱ )T for the experimental data at f ϭ1 kHz in Fig. 4 , together with a Havriliak-Negami fit function. It is evident that the calcula- tions are in good agreement with the experimental data, thereby demonstrating the validity of our approach. The fit parameters used are ϱ ϭ4.54, ⌬ ␣ Tϭ6ϫ10 3 K ͑corre-sponding to ⌬ ␣ ϭ12.8 at Tϭ193°C, where Љ reaches a maximum at f ϭ1 kHz͒, p ␣ ϭ0.32, q ␣ ϭ0.85, in good agreement with the results in Refs. 13 and 15. Fitting the measurements at the other frequencies, resulted only in slight changes in parameters p ␣ and q ␣ . The temperature dependence of ⌬ ␣ T has been found to increase slightly with decreasing frequency, a trend that has been observed also in other polymer systems near the glass transition. ⌬ ␣ T varies in the given frequency range roughly 10%, thereby indicating that the Kirkwood-Fröhlich model provides a reasonable approximation to the dielectric ␣ relaxation in P͑S-MA͒-DR1. However, the relaxation strength is smaller than expected from the dipole density and the dipole moment of DR1, reflecting that the g ␣ correlation factor in Eq. ͑2͒ is less than 1 in P͑S-MA͒-DR1 ͑indicating antiparallel orientation of some of the DR1 chromophores͒. This result is in agreement with a recent publication, which studied NLO polymers with varying chromophore content. 35 The results in Ref. 35 indicate an optimum chromophore concentration before antiparallel ordering is observed.
With the predetermined values ⌬ ␣ , p ␣ , and q ␣ from the Cole-Cole plot, the mean relaxation time ␣ (T) has been numerically determined according to Fig. 1 ͑bottom͒ in a temperature window of 30 K around the peak maximum. When performing the experiment at one frequency, information on two decades in time of ␣ (T) can be gained. Deviations at higher temperatures are to be expected due to additional contributions to the dielectric loss, arising from increasing conductivity or high-frequency normal-mode relaxation. At lower temperatures approaching the glass transition, deviations from the VFT equation are observed, which have two contributions: they result partly due to the broad, secondary ␤ relaxation and partly due to the deviation of the sample temperature T from the fictive temperature T f . The accessible range for ␣ (T) has been significantly enlarged ͑up to five decades in time or 90 K above T g ) by analyzing the data in a frequency range from 30 Hz to 30 kHz. Lower frequencies are not suitable for the measurement procedure because of the long integration time for obtaining reliable data values. Higher measurement frequencies shift the relaxation peak to temperatures where chromophore degradation cannot be ruled out. As shown in Fig. 6 , above the glass transition ␣ (T) follows the empirical VFT equation. The VFT parameters are T 2 ϭ 343 K, Aϭ2.98ϫ10 Ϫ12 s, and Bϭ2200 K. It must be noted that the T 2 , which is often associated with the thermodynamical glass-transition temperature, is about 70°C lower than the glass-transition temperature T g as measured by DSC.
At this point it must be pointed out that a consistent picture of orientational relaxation can be obtained when extending the measurements below T g by performing isothermal measurements. Our results from isothermal pyroelectric relaxation measurements below T g , extending the ␣ (T) range to 12 decades in time or 150 K in temperature have been reported elsewhere. 21 Similar results above and below T g on other polymers and employing other techniques based on the electro-optic ͑EO͒ effect or second-harmonic generation have been reported by various groups. Finally, Fig. 7 depicts the fit of the dielectric function (T) above the glass transition with the HN parameters p ␣ , q ␣ , and ⌬ ␣ and the same ␣ (T) for all measured frequencies. The good agreement between measurement and fit demonstrates that TDRS is a versatile tool for gaining information on dielectric relaxation processes above the T g of NLO polymers.
B. ␤ relaxation
As obvious from Fig. 4 , the ␤ relaxation is much weaker than the ␣-relaxation process. A series of TSD experiments has been performed on samples poled according to the poling sequences described in Fig. 2 in order to study the ␤ relaxation in more detail. Prior to poling, all the samples have been kept far above the glass transition ͑170°C͒ for 30 min, in order to erase any thermal history. The poling times chosen in the two-step poling procedure are t p ϭ20 min at T p ϭ160°C and t p Јϭ15 min at T p Јϭ80°C, respectively. Poling fields of approximately 50 V/m have been used. The experimental results are depicted in Fig. 8 ͑top and bottom͒ and demonstrate nicely that the two relaxation processes can be investigated separately. Figure 8 ͑top͒ shows TSD traces for samples showing the ␣ and ␤ relaxation ͑triangles͒ ͓poling according to Fig.  2͑a͔͒ and the ␣ relaxation only ͑crosses͒ ͓poling according to Fig. 2͑b͔͒ . The ␤ relaxation is observed as a shoulder in the TSD current from Ϫ20 to 100°C ͑triangles͒. If the polarization of the ␤ process is relaxed (EЈϭ0) at the lower poling temperature T p Ј , the ␤ shoulder disappears in the TSD run ͑crosses͒. Figure 8 ͑bottom͒ depicts a TSD experiment on a sample poled according to Fig. 2͑c͒ showing the presence of the ␤ relaxation only. The main TSD current is now observed from Ϫ40 to 100°C, and the presence of the ␣ relaxation is nearly fully suppressed ͑besides a small peak at about 160°C͒. The complex shape of the TSD scan in Fig. 8 ͑bottom͒ shows a rather broad distribution of relaxation times or even the presence of multiple relaxation processes, which cannot be resolved by the present poling technique. The poling time t p Ј and temperature T p Ј have been varied in order to prove the reproducibility of the TSD run. No significant increase in the TSD current has been observed for longer poling times at a fixed poling temperature. Similarly, the current maximum shift was small by varying T p Ј between 70 and 90°C, demonstrating the almost negligible contribution from the ␣ process.
For a quantitative determination of the dielectric relaxation strength of the ␤ relaxation, it is at this point necessary to consider the TSD response in more detail. The TSD current response has different contributions arising from the pyroelectric effects, 36,37 the thermally induced relaxation of the oriented dipoles, and the release of trapped charges. 30 If the charge contribution is neglected, the depolarization current density is given by an irreversible part ͑due to dipole relaxation͒ and reversible part ͑which is caused by the thermal expansion of the polymer sample͒: 36, 37 j͑T ͒ϭh dP͑T͒ dT where h is the heating rate and P(T) the temperaturedependent dipole polarization. The relaxation strength can be easily determined from the reversible part of the TSD current at sufficiently low temperatures. The quotient of the magnitudes of the reversible currents for the poling sequences ␣ and ␤ ͓Figs. 2͑b͒ and 2͑c͒, respectively͔ yields ⌬ ␣ /⌬ ␤ and gives information about the relative magnitude of the dielectric relaxation strength. Additionally, the area under the depolarization current peak determines the frozen polarization and thus also gives access to the relaxation strength ⌬ ␤ .
From the reversible part of the TSD current our measurements only allow for an estimation of the dielectric relaxation strengths. As evident from the data of Fig. 8 , the ␤-relaxation strength is less than 6% of the ␣-relaxation strength. An estimation of the area under the relaxation peaks is for the results in Fig. 8 ͑top and bottom͒ more precise, and yields a dielectric strength for the ␤ relaxation, which is also approximately 6% of the ␣-relaxation strength ⌬ ␤ ϭ0.7. As the ␤ relaxation corresponds to a partial depolarization and as the mean relaxation time ␤ is much smaller compared to ␣ , one may expect a fast, albeit small partial depolarization at room temperature, which corresponds to a fast initial relaxation of the optical activity ͑see below͒.
At this point it is important to note that the analysis of TSD data in order to gain information about the activation temperature of the mean relaxation time of the ␤ process is by no means trivial. As noted in Ref. 38 , the depolarization current is not sensitive to the chosen distribution of relaxation times. This is especially a problem for broad relaxation processes like the secondary ␤ relaxation. Without additional information from isothermal depolarization experiments, 39, 40 the analysis of the shape of the TSD current does not permit the determination of the activation temperature of the mean relaxation time of the ␤ process.
C. ␥ relaxation
Even more than 150°C below the glass-transition temperature a significant relaxation process is observed, similar in magnitude to the ␤ relaxation. This process may be caused by the rotation of the benzene rings within the DR1 chromophores. 41 Since thermal degradation of the dipoles is no problem at these temperatures, the ␥-relaxation process was investigated by means of broadband dielectric relaxation spectroscopy. The real and imaginary part of the dielectric function ЈϪ ϱ and Љ shown in Fig. 9 ͑top and bottom͒ were recorded up to 200 kHz. At higher frequencies the finite resistance of the ITO electrode ͑necessary for performing optical experiments as described below͒ influenced the measurements. The data have been analyzed in a HN fit of the dielectric function without taking into account the electrode effects. The ␥ relaxation is symmetrical with the parameters pϭ0.51 and ⌬ ␥ ϭ 0.147. In the temperature window between Ϫ40 and 10°C, p and ⌬ ␥ have been found to be nearly temperature independent. The mean relaxation time follows an Arrhenius-like behavior, as demonstrated in Fig.  10 , with an activation temperature Dϭ4853 K much smaller as compared to the ␣ relaxation below the glass-transition temperature (3.3ϫ10 4 K, data from Ref. 21͒. The presence of a secondary relaxation process even 180°C below the glass transition demonstrates that even in rigid polyimidelike side-chain polymers significant molecular mobility far deep in the glassy state can be observed.
D. Electro-optical relaxation at room temperature
As already stated, the ␤ process corresponds to a partial relaxation and the ␣ process to the total relaxation of the DR1 chromophore dipoles. After a single-step poling above the glass transition, the initial EO response is proportional to (⌬ ␣ ϩ⌬ ␤ )E p . Thus, immediately after poling, the EO response is expected to show a rather fast relaxation to a ''stable'' value proportional to ⌬ ␣ E p , after the partial depolarization of the ␤ process. 23 This is in good agreement with the isothermal decay of the EO coefficient depicted in Fig. 11 . Within a few days the EO response of the poled polymer film drops to about 90% of the initial value immediately after poling, in reasonable agreement with the ratio of the ␣,␤-relaxation strengths. It must be noted here that significant improvement in the temporal stability of the EO response can be gained from careful aging procedures. Aging can be performed on slowly cooling through the glass transition with applied poling field, in order to enhance the stability of the orientational order of the ␣ relaxation (⌬ ␣ E p ). 42 Annealing around the depolarization peak of the ␤ relaxation without the applied field leads to the depolarization of the ''unstable'' polarization ⌬ ␤ E p , and thus may provide an elegant way for a controlled removal of initial drifts in electro-optic devices.
VI. CONCLUSION
Dielectric measurements on a typical NLO side-chain polymer revealed multiple relaxation processes even far below room temperature, which are all related to the chemically attached chromophore dipoles. The results clearly show that chromophore dipoles are significantly mobile even below the glass-transition temperature of the NLO polymer.
For analysis of the ␣-relaxation process, an experimental procedure ͑temperature-dependent dielectric relaxation spectroscopy͒ has been developed, which enables a quick determination of the relaxation strength, the temperaturedependent mean relaxation time, and its distribution, without being significantly influenced by thermally induced degradation of the chromophore dipoles. Information over five decades in time and 90 K in temperature have been obtained above T g with only three decades in frequency. The range can be extended to 12 decades in time and more than 150 K with information that we previously gained from isothermal pyroelectric relaxation spectroscopy.
Two secondary relaxation processes ␤ and ␥ below the glass transition have been identified, with much smaller dielectric relaxation strengths as compared with the ␣ relaxation. The first sub-T g ␤ relaxation merges into the ␣-relaxation process above T g and can be separately investigated by means of TSD. The dielectric relaxation strengths of the ␣ and ␤ relaxation show that the initial fast decay of the electrooptical response to a temporally stable value is related to the ␤ relaxation. 
